A switchable multi-wavelength thulium-doped fiber laser (TDFL) using a fourmode fiber based Sagnac loop filter was proposed and demonstrated. The Sagnac loop, incorporating a 4.8 m long four-mode step-index fiber, acting as a comb filter was analyzed theoretically and experimentally. By adjusting two polarization controllers, eight stable single-wavelength operations and five stable dual-wavelength operations were obtained with easy switching between the different operation modes. The wavelength range covered during the single-wavelength switchable operation with a signal-to-noise ratio of up to 55 dB was ∼28.51 nm. In dual-wavelength switchable operation, the maximum and minimum wavelength spacings were ∼21.78 nm and ∼1.50 nm, respectively. Due to the abundant wavelength resources, the proposed TDFL has great potential in wavelength division multiplexing free-space optical communications, optical fiber sensing, and photonic generation of microwave signals.
Introduction
Lasers in the 2-μm band are particularly important because they operate in the atmospheric transmission window and in the human eye safety band. Various thulium-doped fiber lasers (TDFLs) such as Q-switched TDFL [1] , mode-locked TDFL [2] , [3] , multi-wavelength TDFL [4] - [7] , and narrow linewidth TDFL [8] - [10] are currently available, and, among these, the multi-wavelength TDFL has attracted intense research attention in recent years, since the multi-wavelength fiber lasers have the great potential in a wide range of applications, for instance, gas spectroscopy [11] , fiber sensing [12] , wavelength division multiplexing systems [13] , and photonic generation of microwave signals [14] .
To date, various comb filters such as two cascaded Sagnac loops [15] , a Sagnac loop incorporating two-stage polarization maintaining fibers [16] , a Sagnac loop combining a multimode interference filter [17] , a micro-fiber-optic Fabry-Perot interferometer (FPI) [18] , a non-adiabatic tapered fiber [19] , and sampled fiber Bragg gratings [20] have been proposed for achieving 2-μm band multi-wavelength lasing output in TDFLs. Recently, the few-mode fiber has attracted much attention due to its many applications such as mode-division multiplex (MDM) transmission systems [21] , tunable fiber lasers [22] , and fiber sensors [23] , [24] . In particular, switchable multi-wavelength fiber lasers in 1.55-μm band based on few-mode fibers have been studied extensively [25] - [29] . For example, Zhou et al. reported a switchable multi-wavelength erbium-doped fiber laser (EDFL) based on a four-mode fiber Bragg grating. This laser can be switched among the operation states of single-, dual-, and triple-wavelength operations [25] . Sun et al. reported a triple-wavelength switchable EDFL based on a few-mode high-birefringence fiber [26] , [27] , and Yang et al. reported a five-wavelength switchable EDFL based on a few-mode fiber Bragg grating [28] . However, the switchable multi-wavelength TDFL using the few-mode fiber based interferometer filter was rarely reported.
Generally, multi-wavelength fiber laser output in 2-μm band can be easily obtained using a multimode fiber optical interferometer. For example, Zhang et al. reported triple-wavelength laser operation based on a single-mode-multi-mode-single-mode (SMS) fiber Mach-Zehnder interferometer (MZI) structure [30] , while Daniel et al. reported a simple technique for transverse mode selection in a large-mode-area (multi-mode) fiber laser, and achieved a single-spatial-mode output beam [31] . However, compared to using a multi-mode fiber in an interferometer, the use of a few-mode fiber in an interferometer filter can provide a more clear, simple and regular output interference spectrum, and enable easy determination and tuning of the periods and peak wavelengths of the multi-channel filter for meeting the requirements of different applications. To date, multi-wavelength lasing in a TDFL using a few-mode fiber has been only explored in a study performed by Wang et al. who designed a 2-μm switchable dual-wavelength fiber laser using a cascaded filter structure based on a few-mode fiber-embedded dual-channel MZI and the spatial mode beating effect [32] . Unfortunately, in their study, only two lasing wavelengths were obtained for switchable operation and the wavelength-spacing in dual-wavelength operation cannot be changed flexibly.
In this work, a switchable multi-wavelength TDFL using a four-mode fiber based Sagnac loop (FMF-SL) filter was proposed and demonstrated. Our approach exploited the use of an FMF-SL as a comb filter that was also analyzed theoretically, and a polarization-dependent loss component was introduced to suppress the mode competition. By adjusting the polarization state of light inside the ring cavity, the TDFL can output single-, dual-and triple-wavelength lasers. Because the clear free spectral range (FSR) of the FMF-SL filter is only 0.75 nm, the number of the multi-wavelength operation states available for our TDFL is rather high, and the covered wavelength range of switchable operations is wider than that of most reported multi-wavelength TDFLs [32] , [33] . The optical signal-to-noise ratios (OSNRs) obtained for the proposed TDFL are higher than that reported by Wang et al. [32] . Furthermore, our laser also has the advantages of a simpler structure and greater operational flexibility.
Experimental Setup, Theory and Principle
The experimental structure of the proposed switchable multi-wavelength TDFL using an FMF-SL filter is shown in Fig. 1 . A 1.75-m-long commercial double-cladding thulium-doped fiber (TDF) produced by Nufern Cor. with a core/cladding diameter of 10/130 μm is used as the active fiber. The TDF is pumped by a 793 nm laser diode (LD) through a 793/2000 nm fiber combiner (FC) with the maximum output power of 12 W. To ensure unidirectional oscillation, an isolator (ISO) is applied. A polarizer is used to enforce the linear polarization of the light propagation in the ring cavity. Meanwhile, a polarization controller (PC), PC1, combined with the polarizer is used as the polarization-dependent loss component [34] , [35] . The FMF-SL shown in the right panel of Fig. 1 is approximately 7 m long and consists of a 4.8-m-long four-mode step-index fiber (YOFC: SI-4) with a core/cladding diameter of 19/125 μm, a 2.2-m-long single mode fiber (SMF) which is the pigtailed fiber of the other PC, PC2, and an optical coupler (OC1) with a coupling ratio of 50/50. The left loop with a length of approximately 7.75 m includes the TDF with the length of 1.75 m and an SMF with the length of 6 m which is the pigtailed fiber of the ISO, PC1, polarizer, and the other OC (OC2) with a coupling ratio of 90/10. The length of the entire laser cavity is approximately 14.75 m. An optical spectrum analyzer (YOKOGAWA AQ6375, OSA) with a resolution of 0.05 nm is adopted to receive 10% output power from the laser cavity for measurement.
As shown in Fig. 1 , the four-mode fiber (FMF) in the Sagnac loop is sandwiched by two SMFs. The four transverse modes in FMF are the LP 01 , LP 11 , LP 21 is the electrical field, and r is the spatial coordinate. It is observed that unlike the LP 11 and LP 21 modes, the LP 01 and LP 02 modes have circumferentially symmetric distributions. Therefore, if the SMF and FMF are connected with core-center alignment, only the LP 01 and LP 02 modes can be selectively excited upon light propagation from the SMF into the FMF [37] . Since the LP 01 and LP 02 modes have 
are the matrices of the PC2, the FMF and the OC1, respectively. θ is the deflection angle of the PC, and ϕ is the phase difference caused by the fast-and slow-axial components transmitting in the FMF. According to the structure shown in Fig. 3 , the transmission equations are as given as
We define the power of input light as P 0 and the power of transmitted light as P 2 , and we have
Based on the Sagnac interference principle [38] , the transmission spectrum is described by
where ϕ = π n ef f L/λ, s is the split ratio of the optical coupler, L is the length of the FMF, λ is the transmission wavelength, and n ef f is the difference between the effective refractive index values of the propagating modes. Therefore, the free spectral range (FSR) is given by:
As observed from Fig. 3 , the input beams are transmitted forward and backward in the FMF-SL filter and their polarizations can be rotated by adjusting PC2. Due to the use of the FMF, the propagation phases of the beams are different when they are recombined at the OC1, so that the beams interfere with each other [26] . Using Eq. (6), we calculated the transmission spectrum of the FMF-SL filter for s = 0.5, θ = π /2, and the obtained results are displayed in Fig. 4(a) , showing an FSR of ∼0.72 nm. The FMF-SL was characterized by using a TDF amplifier and the OSA. The relative transmission spectrum of the FMF-SL filter was obtained by subtracting the transmission spectrum of the FMF-SL filter from the amplified spontaneous emission (ASE) spectrum, and is shown in Fig. 4(b) . It is observed that the FSR value is ∼0.75 nm, in good agreement with the simulated result. The uneven spectral envelope observed in Fig. 4(b) arises mainly from the effect of the other two modes in FMF that were not suppressed sufficiently, and may lead to an uneven multi-wavelength lasing output in the proposed TDFL.
Experimental Results and Discussion
The principle of wavelength switchable operation can be explained as follows. Due to the use of the polarizer and the PCs, polarization dependent loss can be brought in for the lasing wavelengths. Only the lasing wavelength with the polarization direction parallel to the operating axis of the polarizer has the lowest loss and oscillates in the laser cavity finally, enabling the single-wavelength operation. Furthermore, by carefully adjusting the two PCs, a power-equalizer can be established, based on the nonlinear polarization rotation (NPR) effect [35] , [39] , that is driven by the PC1, PC2 and the polarizer. This can significantly suppress the competition among the lasing modes and hence the dual-wavelength or multi-wavelength operations can be obtained successfully.
In the experiment, when the pump power was fixed at 2.69 W, stable single wavelength operation was obtained by adjusting PC1 and PC2, which was induced by a balance between the gain and loss in the laser cavity. We achieved switchable operation among eight single-wavelength lasers at 1948. 86, 1954.86, 1958.55, 1963.86, 1966.13, 1969.77, 1971.28 and 1977.37 nm, respectively. The wavelength covering range was ∼28.51 nm, and the wavelength spacing between any two lasers were the integer multiples of the FSR of the FMF-SL filter. As observed from Fig. 5 , the minimum OSNR is ∼46 dB and the maximum OSNR is ∼55 dB, mainly due to the uneven transmission spectrum envelope of the FMF-SL filter. To demonstrate output stability, the lasing wavelength of 1956.96 nm was tested over 60 min with no adjustment to any part of the fiber laser applied during the measurement. The obtained output spectra are shown in Fig. 6(a) , and the fluctuations of the central wavelength and output power are shown in Fig. 6(b) . It is observed from Fig. 6(b) that the power variation was less than ±0.23 dB, and no obvious wavelength drift was observed at the resolution of 0.05 nm of the OSA over 60 min at room temperature. This indicates that our TDFL can operate stably in single-wavelength lasing. In addition, dual-wavelength lasing was obtained and switched by adjusting the PCs. As shown in Fig. 7(a) , the dual-wavelength operation lasing was carried out at 1958.58 and 1960.08 nm, for the spacing between the two lasing wavelengths of 1.50 nm, which is twice larger than the FSR of the FMF-SL filter. The peak power difference is ∼0.71 dB, and both lasers have an OSNR of ∼40 dB. As shown in Fig. 7(b) , the dual-wavelength output was then switched to lase at 1950.34 nm and 1958.60 nm, and in this case, the spacing between the two wavelengths 8.26 nm is 11 times larger than the FSR of the FMF-SL filter. The peak power difference was ∼1.41 dB and was mainly due to the uneven transmission spectrum envelope of the FMF-SL filter. OSNR values of ∼43 dB were obtained for both lasing wavelengths.
When the pump power was fixed at 3.08 W, five different wavelength spacings were obtained for dual-wavelength operation by the appropriate rotation of the three plates of PC1 and PC2. As shown in Fig. 8 [32] . The maximum and minimum output power differences of the two lasing wavelengths among these five cases were 2.83 dB and 1.16 dB, respectively. Note that, the stable dual-wavelength IEEE Photonics Journal Switchable Multi-Wavelength Thulium-Doped Fiber Laser operations with different spacings were obtained depending on the extent of mode competition suppressing of the gain-equalizer aforementioned, on one hand, and the uneven spectral envelope of FMF-SL observed in Fig. 4(b) , on the other hand.
To demonstrate the stability of dual-wavelength operation, the output spectra were measured at room temperature over 30 min for the wavelength interval of 6.08 nm (lasing at 1948.86 and 1954.88 nm), with the measured spectra shown in Fig. 9(a) . As shown in Figs. 9(b) and 9(c), the wavelength drifts were both less than ±0.01 nm, and the power variations were less than ±1.30 dB and ±1.39 dB, respectively in the 30-min duration of the experiment. Although the wavelength and power fluctuations were larger than those in single-wavelength operation due to the stronger wavelength competition in TDF for the two lasers oscillating simultaneously, these results verify that the TDFL is also stable in dual-wavelength operation. The maximum and minimum output power differences of the two lasing lines were 1.48 dB and 0.02 dB, respectively. Furthermore, triple-wavelength lasing output was also achieved as demonstrated in Fig. 10 by adjusting PCs, with the three wavelengths located at 1948. 86, 1954.88, and 1970 .66 nm. Due to the external environmental disturbance and particularly the severe internal mode competition, the triple-wavelength operation did not show satisfactory stability. Therefore, other stabilizing mechanisms should be introduced into the laser cavity to obtain stable multi-wavelength lasing. Unfortunately, this will lead to the greater complexity of the laser system that may be unfavorable for the high output performance in single-or dual-wavelength operation.
Conclusion
In conclusion, a switchable multi-wavelength TDFL based on an FMF-SL filter was proposed and demonstrated experimentally. A Sagnac loop containing an FMF with the length of 4.8 m was used as the comb filter, and the FSR was found to be ∼0.75 nm both theoretically and experimentally. The high stability of the TDFL was realized by introducing polarization-dependent loss inside the laser cavity. By tuning the PCs used in the device, the laser output could be switched among eight stable single-wavelength operations covering a wavelength range of ∼28.51 nm, and also could be switched among five stable dual-wavelength operations with a maximum spacing of ∼21.78 nm. In addition, the experimentally-demonstrated TDFL has potential for triple-wavelength lasing operation. Regardless of the operation wavelength, the OSNR of the TDFL was larger than 40 dB. We believe that the performance of the proposed fiber laser can be improved further if good vibration isolation and temperature-stabilization techniques are used in practical applications. The proposed TDFL may be applied in various fields such as optical fiber sensing and laser medicine.
